KORRIGAN1 (KOR1) is a membrane-bound cellulase implicated in cellulose biosynthesis. Ptt Cel9A1 from hybrid aspen ( Populus tremula L. × tremuloides Michx.) has high sequence similarity to KOR1 and we demonstrate here that it complements kor1-1 mutants, indicating that it is a KOR1 ortholog. We investigated the function of Ptt Cel9A1/KOR1 in Arabidopsis secondary growth using transgenic lines expressing 35S::PttCel9A1 and the KOR1 mutant line irx2-2 . The presence of elevated levels of Ptt Cel9A1/KOR1 in secondary walls of 35S::PttCel9A1 lines was confi rmed by in muro visualization of cellulase activity. Compared with the wild type, 35S::PttCel9A1 lines had higher trifl uoroacetic acid (TFA)-hydrolyzable glucan contents, similar Updegraff cellulose contents and lower cellulose crystallinity indices, as determined by 13 C solidstate nuclear magnetic resonance (NMR) spectroscopy. irx2-2 mutants had wild-type TFA-hydrolyzable glucan contents, but reduced Updegraff cellulose contents and higher than wild-type cellulose crystallinity indices. The data support the hypothesis that Ptt Cel9A1/KOR1 activity is present in cell walls, where it facilitates cellulose biosynthesis in a way that increases the amount of noncrystalline cellulose.
Introduction
Commercially relevant properties of wood (secondary xylem) are heavily infl uenced by its contents and structure of cellulose. Cellulose is a major component of secondary walls of wood fi bers, where it is organized in 15-60 nm diameter bundles (macrofi brils) of approximately 3 nm diameter microfi brils ( Altaner et al. 2006 , Donaldson 2007 . The microfi brils are thought to consist of 36 chains of β -1,4glucan, with crystalline interiors stabilized by intramolecular hydrogen bonds that are formed during chain biosynthesis by plasma membrane protein complexes called rosettes (reviewed by Somerville 2006 ) . The surface glucan chains of microfi brils are less ordered and associate with other cell wall glycans, forming an amorphous or disordered phase ( Ha et al. 1998 , Ding and Himmel 2006 , Donaldson 2007 , Kennedy et al. 2007 , Zhao et al. 2007 ). The macrofi brils are probably formed after the secretion of microfi brils into cell walls, but their exact form and genesis are still uncertain ( Ding and Himmel 2006 , Donaldson 2007 , Kennedy et al. 2007 .
Many microbes produce cellulolytic enzymes of several families that synergistically catalyze the hydrolysis of crystalline cellulose to glucose ( Henrissat 1991 , Teeri 1997 , Henrissat and Davies 2000 . In contrast, only two families of cellulases have been identifi ed in plants ( Henrissat et al. 2001 ) and, unlike microbial cellulases, plant cellulases act individually and catalyze limited hydrolysis of amorphous cellulose and, sometimes, other non-crystalline glycans ( Ohmiya et al. 2000 , M ø lh ø j et al. 2001 , Ohmiya et al. 2003 , Master et al. 2004 , Yoshida et al. 2006 , Urbanowicz et al. 2007a ). Most plant cellulases belong to the glycoside hydrolase 9 (GH9) family, which includes many members that play diverse roles in plants; many have been found to be associated with wall disassembly during abscission or fruit ripening, while others have been found in rapidly growing cells and are thought to promote wall loosening or cell wall biosynthesis (for reviews, see del Campillo 1999 , Bennett 1999 , M ø lh ø j et al. 2002 ) . Three distinct types of GH9 protein structures have been identifi ed, designated types A, B and C ( Libertini et al. 2004 , Urbanowicz et al. 2007b : type A proteins have an N-terminal cytosolic tail, a membrane-spanning domain and an extraplasmic catalytic domain, type B proteins have a signal peptide and a catalytic domain, while type C proteins are similar to type B but also possess a C-terminal, family-49, carbohydrate-binding module ( Urbanowicz et al. 2007b ) .
Arabidopsis KORRIGAN1 (KOR1) is a membrane-bound enzyme with type A modular organization. It appears to be involved in cellulose biosynthesis according to genetic evidence (reviewed by M ø lh ø j et , Somerville, 2006 , Taylor, 2008 . kor1-1 , a leaky insertional mutant line, has an extreme dwarf phenotype, indicating that KOR1 is required for normal wall assembly and cell elongation ( Nicol et al. 1998 ) . Other mutations in KOR1 have been found to cause defects in cell plate formation ( Zuo et al. 2000 ) and reductions in cellulose contents of the primary cell wall ( Lane et al. 2001 , Sato et al. 2001 ), suggesting it plays a role in cellulose biosynthesis in primary cell walls. In addition, cellulose contents of interfascicular fi bers and xylem are reportedly reduced in irx2 mutants carrying a point mutation in KOR1 , resulting in a collapsed vessel phenotype, which suggests that KOR1 is also involved in cellulose biosynthesis in secondary walls Somerville 1997 , Szyjanowicz et al. 2004 ) .
The molecular function of KOR1 in cellulose biosynthesis is not clear. Initially it was suggested that it might catalyze the formation of glycosidic bonds by transferase activity ( Matthysse et al. 1995 , Brummel et al. 1997 ). However, this hypothesis was subsequently discarded since enzymes of the family GH9 in general, and aspen Ptt -Cel9A1 in particular ( Rudsander et al. 2008 ) , were not found to catalyze an anomeric confi guration-retaining reaction, as would be expected for a transferase ( Koshland 1953 ) , but an inverting reaction. According to another hypothesis, KOR1 cleaves the sitosterol-β -glucoside from sitosterolcellodextrins serving as primers for β -1,4-glucan chain elongation ( Peng et al. 2002 ) . However, several observations are diffi cult to reconcile with this hypothesis (reviewed by Somerville 2006 ) . For example, the analysis of sitosteroldefi cient mutants in Arabidopsis suggested that sitosterol might modify the plasma membrane lipid environment around rosettes in ways that promote proper assembly and activity, rather than being involved in the β -1,4-glucan chain priming ( Schrick et al. 2004 ) . Other hypotheses propose that KOR1 is required to remove strained or misaligned glucan chains, thereby promoting crystallization ( Delmer 1999 , M ø lh ø j et al. 2002 , Szyjanowicz et al. 2004 , Somerville 2006 , Taylor 2008 , or releasing cellulose microfi brils from cellulose synthase complexes ( Delmer 1999 , Szyjanowicz et al. 2004 .
A putative ortholog of KOR1 in hybrid aspen ( Populus tremula L. × tremuloides Michx.), according to sequence comparisons ( Rudsander et al. 2003 , Master et al. 2004 , is PttCel9A1 (formerly PttCel9A ). Transcriptomic analyses have revealed that PttCel9A1 is highly expressed during secondary cell wall synthesis in both developing normal wood ( Hertzberg et al. 2001 , Schrader et al. 2004 , Aspeborg et al. 2005 and tension wood ( Andersson-Gunnerås et al. 2006 , Bhandari et al. 2006 ). Furthermore, Master et al. (2004 ) found that the preferred substrates of the catalytic domain of Ptt Cel9A1 (purifi ed following recombinant expression in the yeast Pichia pastoris ) are long, lightly substituted, soluble cellulosic polymers.
Here we demonstrate that Ptt Cel9A1 and KOR1 are indeed functionally equivalent and we explore the effects of KOR1/ Ptt Cel9A1 defi ciency and excess on Arabidopsis secondary growth ( Chaffey et al. 2002 ) . Our data support the hypothesis that the activities of both Ptt Cel9A1 and KOR1 decrease cellulose crystallinity.
Results

Aspen PttCel9A1 is functionally equivalent to Arabidopsis KOR1
To fi nd the ortholog of KOR1 in poplar, all GH9 genes identifi ed among Populus trichocarpa ( Pt ) gene models (Geisler-Lee et al. 2006) were classifi ed into the A, B or C groups ( Urbanowicz et al. 2007b ) by sequence analysis ( Supplementary Table S1 ). Five PtGH9 genes encoded putative proteins with a single transmembrane domain similar to the three Arabidopsis KOR genes ( del Campillo 1999 ( del Campillo , M ø lh ø j et al. 2002 . Two of them, PtCel9A1 and PtGH9A2 , with 93.1 % identity to each other at the nucleotide [coding sequence (CDS)] level, were most similar to KOR1 , but only transcripts of PtCel9A1 were abundant in wood-forming tissues ( Fig. 1 ). This gene corresponds to PttCel9A1 (formerly PttCel9A ) in P. tremula × tremuloides ( Rudsander et al. 2003 , Master et al. 2004 , and PtrKORRIGAN in P. tremuloides ( Bhandari et al. 2006 ). The gene is the most highly expressed member of the GH9 family in Populus wood-forming tissues according to distributions of corresponding cDNAs in expressed sequence tag (EST) libraries ( Fig. 1b ) , where it appears to be up-regulated in secondary wall-forming wood cells according to Northern blot analysis ( Supplementary  Fig. S1 ) and previous in situ hybridization analysis ( Bhandari et al. 2006 ) . Arabidopsis microarray analysis has also shown KOR1 to be a highly expressed GH9 gene in secondary vascular tissues ( Zhao et al. 2005 ) . To investigate its expression patterns at histological resolution, we analyzed the activity of the KOR1 promoter in Arabidopsis using a β -glucuronidase (GUS)-promoter construct. Its expression in primary and secondary vascular tissues and several other tissues was detected throughout all stages of plant development. Prominent, ubiquitous activity was observed in seedlings and young plants, particularly in actively expanding cells and vascular tissues of leaves, stems and roots ( Fig. 2a-c ). The KOR1 promoter was also active in epidermal trichomes, which deposit secondary walls ( Fig. 2b ). In fl owering plants it was very active in the abscission zone of developing silliques ( Fig. 2d ), and both the stigma and fi laments of fl owers ( Fig. 2e ). The promoter was also consistently found to be active in the secondarily thickening stems and root/hypocotyl axes of fl owering plants, most markedly in their cambial regions ( Fig. 2f, h ) . GUS signals were observed throughout the cambial region, in differentiating vessels and fi bers, and the activity appeared to be highest in secondary wall-forming vessel elements and sieve tubes ( Fig. 2g, i ). Thus, in Arabidopsis, similar to Populus , the gene is ubiquitously expressed and it is up-regulated during secondary wall biosynthesis.
To assess the possibility that Ptt Cel9A1 may be able to replace KOR1 functionally, we expressed PttCel9A1 cDNA fused to the caulifl ower mosaic virus (CaMV) 35S promoter in the kor1-1 mutant, and similarly expressed another cellulase-encoding gene, PttGH9B3 , in this mutant to obtain controls. The dwarf phenotype of kor1-1 plants was partly rescued by expressing PttCel9A1 , but not by expressing PttGH9B3 ( Fig. 3a ). Moreover, collapsed vessel elements were abundant in kor1-1 mutants, but much less frequent in the PttCel9A1 -complemented lines ( kor1-1 plants expressing PttCel9B3 were diffi cult to grow and we did not analyze their anatomy) ( Fig. 3b ). Consistent with this observation, cell wall chemical analyses showed that cellulose content and monosaccharide composition, which were altered in kor1-1 mutants, were largely restored by expressing PttCel9A1 , whereas expressing PttGH9B3 did not rescue the cell wall chemical composition ( Tables 1 , 2 ). The partial (rather than full) complementation seen for all phenotypes is probably due to the use of the 35S promoter rather than the native promoter. Collectively, the data indicate that the in planta function of PttCel9A1 is similar to that of KOR1 , and different from that of type B GH9 cellulases.
Transgenic lines overexpressing PttCel9A1 show higher cellulase activities in wood-forming tissues
To investigate the effects of PttCel9A1 on wood formation, we generated transgenic Arabidopsis plants overexpressing PttCel9A1 cDNA under the control of the CaMV 35S promoter. Homozygous single insertion lines were isolated for phenotypic analyses and the expression of the transgene was confi rmed by real-time reverse transcription-PCR (RT-PCR) analysis ( Fig. 4 ). Lines 05, 45 and 55 that showed the highest expression levels were used in most subsequent analyses, unless otherwise indicated.
We fi rst investigated if the 35S::PttCel9A1 -overexpressing (OE) lines had increased levels of the expected enzymatic activity. As mentioned above, Master et al. (2004 ) found that a truncated, catalytic domain-containing part of Ptt Cel9A1 ( ∆ 1-105 Ptt Cel9A1) exhibits weak hydrolytic activity towards low-substituted non-crystalline cellulose in vitro. We speculated that the in vitro activity of the truncated protein might be limited by the lack of the protein's in planta environment and membrane attachment. Therefore, we developed a general in muro β -glucanase activity assay based on the release of the highly fl uorescent resorufi n anion from resorufi nyl β -D -cellobioside (Glc 2 -Res), which can be monitored by realtime confocal microscopy. To validate this approach, we demonstrated that recombinant ∆ 1-105 Ptt Cel9A1 was indeed able to hydrolyze Glc 2 -Res in vitro, thereby releasing the aglycone with a specifi c activity of 0.38 µmol min − 1 mg − 1 at 30 ± 0.1 ° C, in an assay containing 0.2 mM Glc 2 -Res in 5 mM NaOAc, pH 5.5. Since sequential exo-glucosidase attack on
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AtKOR1 promoter activity in Arabidopsis visualized by GUS histochemistry. Prominent activity was detected in: seedlings (a, c); developing leaves, especially at the leaf tips, vascular tissues and trichomes (b); fl owers, in which fi laments and stigmas were stained (e); and the abscission zone of developing silliques (d, arrowed). In mature plants, activity was detected in all cells, but most prominently in developing secondary tissues at the base of the infl orescence stem (f, g) and in hypocotyl-root axes (h, i). Cambial region of less intensely stained preparations (g and i) showing prominent activity in developing vessel elements and sieve tubes. Four independently generated transgenic lines showed similar expression patterns. The identity of sieve tubes was confi rmed by counterstaining with aniline blue to detect callose (not shown). CO, cortex; CZ, cambial zone, DX, developing xylem; f, developing fi ber; iff, interfascicular fi bers; P, phloem; st, sieve tube; VB, vascular bundle; VT, vascular tissue; ve, developing vessel element. Bar = 100 µm.
Glc 2 -Res can also yield resorufi n, we additionally used resorufi nyl β -D -glucopyranoside (Glc-Res) substrate to monitor this activity. Both Glc 2 -Res-and Glc-Res-releasing activities were detected in wood-forming tissues of sections of wildtype (WT) Arabidopsis infl orescence stems ( Fig. 5 ). The resorufi n anion accumulated in a time-dependent manner in secondary cell walls of developing vessel elements and fi bers close to the cambial zone, and its accumulation was much reduced in the mature xylem. No background accumulation was observed in heat-denatured tissues. The activity with Glc 2 -Res, but not Glc-Res, was visibly increased in sections from the transgenic OE lines compared with WT sections ( Fig. 5a vs. b ), indicating that glucanase (cellulase or cellobiohydrolase) activity located in cell walls was increased when PttCel9A1 was overexpressed in Arabidopsis, while exo -glucosidase activity was not affected.
Complementation of the kor1-1 mutant with aspen GH9 genes. PttCel9A1 and PttHG9B3 cDNAs were fused to the CaMV 35S promoter and introduced into the homozygous kor1-1 mutant line. Empty vector was introduced into Arabidopsis Ws and kor1-1 mutant plants.
Representative T 2 lines of several transgenic lines obtained are shown. (a) PttCel9A1 , but not PttGH9B3 , largely restores growth of the kor1-1 mutant. (b) Cross-sections of stem vascular bundles stained with toluidine blue. PttCel9A1 partly reverses the irregular xylem phenotype (arrowed) of kor1-1 . Scale bar = 50 µm. 
Phenotypes of PttCel9A1-OE lines
The effects of PttCel9A1 overexpression on plant development were at most minor. For example, the most highly OE lines showed minor reductions in hypocotyl elongation and strength during dark germination ( Supplementary  Fig. S2b ). The rosette leaves were slightly smaller in mature OE plants (and irx2-2 mutant plants, data not shown) than in the WT counterparts. No apparent anatomical differences were observed on microscopic examination of toluidine blue-stained stem sections of OE, irx2-2 mutant and WT plants, but both the OE lines and irx2-2 mutant formed more xylem II (lignifi ed outer part, Chaffey et al. 2002 ) and less xylem I (inner parenchymatous part) than their WT counterparts in their hypocotyls (Supplementary Fig. S3 ).
We interpret these changes as symptoms of compensatory sclerifi cation of hypocotyls resulting from weakened cell wall structure in both OE lines and the mutants.
PttCel9A1/KOR1 expression affects wood cell morphology
irx2-2 and kor1-1 mutants are known to have thin secondary walls in vessel elements and fi bers, and collapsed vessels Somerville 1997 , Szyjanowicz et al. 2004 ) , and we observed similar defects ( Fig. 6 ). In contrast, overexpression of PttCel9A1 seemed to increase the cell wall thickness slightly ( Fig. 6 ). Isolated xylem cells of OE lines did not show any phenotypic alterations compared with WT cells, but those isolated from irx2-2 and kor1-1 mutants displayed clear abnormalities ( Fig. 7 ) . Notably, the walls of vessel elements in these mutants appeared occasionally to rupture, and they had lower frequencies of intervessel pits, while the walls of their fi bers had sparsely distributed macrofi bril-like structures, giving the impression of loose cell wall architecture. Overall, these fi ndings indicate that defi ciency of PttCel9A1/KOR1 function induces profound defects in secondary walls of xylem cells while excess leads to more subtle changes.
PttCel9A1/KOR1 affects the amount and crystallinity of cellulose in mature infl orescence stems
Impairment of KOR1 function has been shown to cause reductions in Updegraff cellulose contents at the base of infl orescence stems and in mature hypocotyls of Arabidopsis mutants examined by Turner and Somerville (1997 ) and Szyjanowicz et al. (2004 ) . To investigate the possibility that Ptt Cel9A1 overexpression may have contrasting effects, Updegraff cellulose was analyzed from the same tissues of the OE lines and compared with WT counterparts, control transgenic plants expressing 35S::YFP , and irx2-2 mutants. Only irx2-2 plants showed signifi cant changes in their cellulose contents ( Fig. 8 ), with respect to WT plants, confi rming previous reports. In addition to determining the cellulose levels in OE, irx2-2 and WT plants, the monosaccharide composition of the cell walls in tissues at the base of mature infl orescence stems of the plants was compared by analyzing monosaccharides released by trifl uoroacetic acid (TFA) hydrolysis. The results showed that TFA-hydrolyzable glucose levels were 20-28 % higher than WT levels in samples from the OE lines, and that xylose, rhamnose and arabinose levels were approximately 20 % higher in irx2-2 than in the WT ( Table 3 ). The nonhydrolyzed residues were subsequently hydrolyzed in sulfuric acid and the released glucose contents were quantifi ed Table 2 Monosaccharide composition of cell walls prepared from the base of the infl orescence stems of WT (Ws with empty vector), kor1-1 mutant (with empty vector) and kor1-1 plants carrying either PttCel9A1 or PttGH3B. (to obtain estimates of the plants' levels of crystalline and semi-crystalline cellulose). The glucose contents in this fraction were approximately 14 % lower in the irx2-2 mutant, but not signifi cantly different in the OE lines, compared with the WT ( Table 3 ), in accordance with their measured Updegraff cellulose contents ( Fig. 8 ).
The observed increases in TFA-hydrolyzed glucose in PttCel9A1 -OE lines were probably not due to residual starch that might have contaminated the cell wall preparations, because the starch levels were decreased in the OE lines compared with control lines ( Supplementary Table S2 ). Sequential extractions of wall preparations with 0.1, 1.0 and 6.0 M KOH followed by sugar analyses did not reveal significant differences among the lines in the composition of these fractions (data not shown); notably, there was no indication of the soluble glucan that was reportedly found by Lane et al. (2001 ) in seedlings of a severe KOR1 mutant, rsw2 , in either the irx2-2 or PttCel9A1 -OE lines. These fi ndings, in conjunction with the total cell wall sugar composition data ( Table 3 ) and Updegraff cellulose determinations ( Fig. 8 ) , indicate that the observed increases in TFA-hydrolyzable glucose in the cell walls of OE plants most probably refl ects increases in their relative levels of amorphous cellulose. If this interpretation is correct, there must be a corresponding decrease in cellulose crystallinity in Cel9A1 -OE lines.
To investigate this possibility, we analyzed samples obtained from the bases of infl orescence stems of each class of plants (including representatives of lines overexpressing PttGH9B3 , to compare the effects of PttCel9A1 with those of an unrelated cellulase on cellulose crystallinity) by crosspolarization magic angle spinning (CPMAS) 13 C solid-state nuclear magnetic resonance (NMR) spectroscopy. The NMR spectra acquired from samples of control (WT and PttGH9B3 -OE lines) and PttCel9A1 -OE lines could be clearly separated by partial least squares-discriminant analysis (PLS-DA; Wold et al. 2001 ) ( Fig. 9d ). Encouraged by this result, we used the proton spin relaxation editing (PSRE) method ( Newman and Hemmingson 1990 , Newman 1999) to remove overlapping peaks of hemicelluloses and lignin ( Fig. 9c ) from those of cellulose ( Fig. 9b ). The cellulose subspectra were subsequently used to determine the crystallinity index, as the ratio of the peak intensity at 89 p.p.m., representing highly crystalline cellulose, to the sum of peak intensities at 84 and 89 p.p.m., representing total cellulose (both peaks assigned to the glucan C4 position in cellulose) ( VanderHart and Atalla 1984 ) . The results indicated that the crystallinity index was reduced in the PttCel9A1 -OE lines and increased in irx2-2 plants compared with WT plants ( Fig. 9e ). However, there were no consistent differences in cellulose crystallinity between samples from the Ptt-GH9B3 -OE lines and WT plants. Therefore, the expression of PttCel9A/KOR1 (but not that of the tested GH9B-encoding gene) inversely correlated with cellulose crystallinity (as determined by 13 C solid-state NMR spectroscopy combined with PSRE analysis) in the mature infl orescence stem.
Discussion
Bioinformatics data on the GH9 family in Populus together with Northern blot analysis identify Populus Cel9A1 as the family member most similar to Arabidopsis KOR1 and the most highly expressed in developing aspen wood, confi rming an earlier proposal ( Bhandari et al. 2006 ) . We found that KOR1 has similar expression patterns in xylem-forming Arabidopsis tissues to those of PttCel9A1 in aspen ( Fig, 2 ). In addition, PttCel9A1 complemented the kor1-1 mutant ( Fig. 3a, b , Tables 1 , 2 ), indicating that PttCel9A1 and AtKOR1 genes perform similar physiological and biochemical functions, and are probably orthologs in Arabidopsis and Populus .
The following lines of evidence indicate that Ptt Cel9A1/ KOR1 functions as an endo -hydrolase that is most active toward non-crystalline cellulose in cell walls. Recombinant catalytic domains of Ptt Cel9A1 and the KOR1 ortholog in Brassica , CEL16, expressed in the yeast P. pastoris , have been found to exhibit endo -hydrolytic activity towards lightly Fig. 7 Abnormal morphology of secondary xylem elements in irx2-2 and kor1-1 mutants. Note that the mutants have thin walls, altered pitting patterns in the vessel elements, and a loose cell wall architecture with apparently sparsely arranged macrofi bril-like structures in the fi bers. Scale bar = 50 µm. was found in stem sections of PttCel9A1 -OE lines than corresponding sections of WT plants ( Fig. 5 ). Furthermore, resorufi n was largely released in developing secondary cell walls, in accordance with the hypothesis that Ptt Cel9A1/ KOR1 is localized in the plasma membrane, with the catalytic domain facing the cell wall ( Nicol et al. 1998 , Robert et al. 2005 ). In addition, membrane attachment or other, unknown features of Ptt Cel9A1 appear to be essential for its function in situ, since the phenotype could not be rescued in the kor1-1 mutant by expressing the B-type GH9 enzyme Ptt GH9B3, which is predicted to be secreted into cell walls. KOR1 is implicated in cellulose biosynthesis in all types of cells in Arabidopsis plants except the tip-growing cells, including root hairs and pollen tubes ( Nicol et al. 1998 , Sato et al. 2001 , but its highest activity is required during secondary wall formation ( Szyjanowicz et al. 2004 ) . Our analyses of secondarily thickened stems and hypocotyls of plants overexpressing PttCel9A1 and defi cient in KOR1 ( kor1-1 and irx2-2 ) demonstrate that Ptt Cel9A1/KOR1 is important for cellulose organization. Previous X-ray diffraction analyses of samples from 4-week-old stems of the temperature-sensitive mutant acw1 ( Sato et al. 2001 ) have demonstrated a temperature-triggered decrease in the crystallinity of TFAinsoluble material that contained not only crystalline cellulose but also a substantial amount of tightly bound pectin. The change in crystallinity was attributed to increases in the proportion of uronic acids to crystalline cellulose in the mutant, but the crystallinity of cellulose per se could not be determined from these measurements. Observed reductions in the birefringence of primary cell walls in the rsw2 mutant ( Lane et al. 2001 ) probably refl ect the same phenomenon. However, our NMR analysis with spectral editing ( Fig. 9 ) allowed more specifi c measurement of the signals from different cellulose fractions ( Newman and Hemmingson 1990 (e) Crystallinity of cellulose in the mature stems of Col (WT), irx2-2 , PttCel9A1 -and PttGH9B3 -OE lines determined by 13 C-NMR spectroscopy combined with PSRE analysis. n = 3 biological replicates. Crystallinity was calculated as peak intensity at 89 p.p.m./sum of peak intensities at 84 and 89 p.p.m. of the spectra, as shown in (b). Averages signifi cantly different from WT are marked with asterisks (Duncan's multiple range test, P ≤ 0.05). The experiment was repeated with similar results.
The crystalline cellulose peak at 89 p.p.m. originates from a mixture of crystalline cellulose I α , I β and paracrystalline cellulose found in the interior of micro-and macrofi brils, which should theoretically be TFA-insoluble and included in the Updegraff cellulose fraction ( Ha et al. 1998 , Wickholm et al. 1998 . In contrast, the cellulose peak at 84 p.p.m. consists of overlapping peaks from solvent-accessible (SA) and -inaccessible (SI) glucan chains with lower degrees of order. The lineshapes of these signals are different, the SI peak being very broad while the SA peak is narrow, so the crystallinity index, which is based on peak heights rather than areas, refl ects relative contents of disordered SA cellulose. Thus, the TFA-hydrolyzed cellulose contributes to this fraction (Wickholm et al. 1998 ). However, it should be noted that recent studies have shown that signals from cellulose microfi bril-associated hemicelluloses are not completely removed by the PSRE method (Liitia et al. 2003 , Altaner et al. 2006 . Therefore, although no signifi cant differences in hemicellulose contents between either the OE lines or irx2-2 mutants compared with WT plants were found in our monosaccharide analyses ( Table 2 ), but rather changes in their TFA-soluble cellulose contents, we cannot exclude the possibility that the fraction of hemicellulose tightly bound to the microfi brils may have been affected by Ptt Cel9A1/KOR1 expression and contributed to the observed changes in crystallinity.
A change in crystallinity index could refl ect either a change in the proportion of crystalline chains within the fi brils or a change in fi bril diameters. Therefore, our observations are compatible with two possible models for the roles of Ptt Cel9A1/KOR1. First, in line with the current hypothesis that Ptt Cel9A1/KOR1 may cut off stalling glucan chains of microfi brils ( M ø lh ø j et al. , Szyjanowicz et al. 2004 , Somerville 2006 , Taylor 2008 , increases in the relative amounts of amorphous cellulose could result from endohydrolysis of the chains under tension, leading to gaps and misaligned cut ends, and thus the creation of larger surface areas for interaction with hemicelluloses. Alternatively, since the diameters of cellulose fi brils are probably increased in the irx2-2 mutant and decreased in the PttCel9A1 -OE lines, according to their crystallinity indices (Wickholm et al. 1998 , Kennedy et al. 2007 , Ptt Cel9A1/KOR1 could reduce the size of cellulose fi brils in the cell wall. Intriguingly, in accordance with this hypothesis, light microscopic examination of secondary walls in irx2-2 and kor1-1 mutants revealed unusual, sparsely distributed cable-like structures ( Fig. 7 ), suggesting that KOR1 prevents the formation of such structures. Ding and Himmel (2006 ) recently proposed a new model for cellulose aggregate formation, based on data acquired from atomic force microscopy imaging, postulating that fi brils secreted by rosettes immediately collapse, forming large macrofi brils, which are later split into smaller fi brils. Ptt Cel9A1/KOR1 proteins could split nascent macrofi brils, by entering amorphous regions and hydrolyzing glucan chains bonding adjacent elementary fi brils. Ptt Cel9A1/KOR1 defi ciency would then lead to a premature aggregation of microfi brils, thereby defl ecting the trajectories of rosettes, slowing their directional movement and (hence) reducing their rate of cellulose biosynthesis. Conversely, overexpression of Ptt Cel9A1/KOR1 would lead to extensive splitting of macrofi brils, and the exposure of microfi brils with amorphous surface cellulose available for interaction with hemicelluloses and pectins. This would lead to decreased crystallinity, but not necessarily to higher rates of cellulose synthesis. On the other hand, the mechanical properties of the cell wall and cell expansion could be compromised. Consistently, we observed that overexpression of PttCel9A1 decreased cellulose crystallinity ( Fig. 9 ), did not affect Updegraff cellulose contents ( Fig. 8 ) and affected cell wall mechanical properties and expansion (Supplementary Fig. S2) .
Both models predict that defi ciency in Ptt Cel9A1/KOR1 activity is likely to lead to cellulose defi ciency by retarding the rate of rosette movements. Accordingly, the movement of rosettes was recently reported to be at least 2-fold slower in kor1-1 mutants than in WT counterparts ( Paredez et al. 2008 ) . Improvements in techniques for probing the cell wall architecture in its native state are essential to document further the role of Ptt Cel9A1/KOR1 in cellulose organization.
Materials and Methods
Sequence analysis
Populus trichocarpa GH9 gene models were extracted from the JGI genome database (http://genome.jgi-psf.org/) and aligned with corresponding Populus ESTs and Arabidopsis genes in order to select the model with the closest correspondence to the respective transcript sequences or, if not available, to the closest Arabidopsis GH9 gene. The N-terminal signal peptide (SP) cleavage site of each protein was predicted by SignalP v. 3.0, and the transmembrane helix (TMH) domain was predicted by TMHMM v. 2.0, (http://www.cbs. dtu.dk/services/). In cases where a TMH and SP were predicted in the same region of a protein, the protein was classifi ed as secreted.
Plant materials and growth conditions
Hybrid aspen, P. tremula L. × tremuloides Michx. (clone T89), trees were grown in a greenhouse with an 18 h photoperiod at 22/17 ° C (day/night), 70 % relative humidity and daylight supplemented with HQI-TS 400 W/DH metal halogen lamps (Osram, Munich, Germany) . Plants were watered daily and fertilized once per week with a 1 : 100 dilution of SUPERBA S (Hydro Supra AB, Landskrona, Sweden).
Arabidopsis thaliana seeds were vernalized in 0.1 % agar at 4 ° C for 3 d, exposed to 200 µEm − 2 s − 1 light for 5 h to break skotodormancy, and planted in soil : vermiculite (3 : 1). After 4 d in the dark at 20 ° C, plants were grown at 22 ° C either under short day (SD) conditions (9 h light) for 4 weeks followed by long day (LD) conditions (16 h light) for 7 weeks (for anatomical analysis of secondary growth in the hypocotyl, see below) or under constant LD conditions (for all other analyses). The light intensity was 120-150 µEm − 2 s − 1 .
Promoter-GUS analysis
The KOR1 1.9 kb promoter plus 27 bp of CDS was cloned upstream of GUS in the pBI101.3 vector and introduced into WT [Columbia (Col-0)] plants via Agrobacterium tumefaciens transformation, following Clough (1998 ) . Four independent kanamycin-resistant lines were analyzed. Sections (100 µm thick) of stems and hypocotyls of 6-week-old plants were cut with a vibratome (VT 1000S, Leica, Germany). The sections and whole seedlings, fl owers and pieces of leaves were incubated for 16 h at 37 ° C in 1 mM X-Gluc, 1 mM K 3 Fe(CN) 6 , 1 mM K 4 Fe(CN) 6 , 50 mM sodium phosphate buffer pH 7.2 and 0.1 % Triton X-100 (with or without pre-treatment for 30 min with 90 % acetone to prevent potential wounding induction of the promotor; Hemerly et al. 1993 ) , fi xed for 10 min in 5 % formaldehyde, 5 % acetic acid and 50 % ethanol, then cleared with several washes of 50 % , followed by 100 % ethanol. The sections and whole mounts were observed under an Axioplan 2 microscope equipped with an AxioVision camera (Carl Zeiss, Germany).
Generation of PttCel9A1-OE lines
The PttCel9A1 coding sequence (GenBank accession No. AY660967) was amplifi ed from the corresponding cDNA clone using Pfu polymerase (Stratagene, La Jolla, CA, USA) and the primers: forward, 5 ′ -CGCGGATCCATGTACGGAA GAGATCCATGGGG-3 ′ and reverse, 5 ′ -CGCGGATCCTCAT GGTTTCCAAGGTGCTGGTG-3 ′ . Bam HI sites (underlined) were used to clone the fragment into the shuttle vector pPCV702.kana ( Koncz et al. 1989 ) between the CaMV 35S promotor and the A. tumefaciens nos transcription terminator. The presence of the PttCel9A1 sequence in the vector was checked by sequencing using BigDye-terminators and an ABI 3700 automated sequencer (Applied Biosystems, Foster City, CA, USA), then subcloned into the pPCV702. hygro vector ( Koncz et al. 1989 ) .
Ptt GH9B3 (formerly known as Cel9B; GenBank accession No. AY660968) was amplifi ed from a cDNA clone ( Rudsander et al. 2003 ) , using Taq polymerase (Fermentas, Hanover, MD, USA) and the following primers: forward, 5 ′ -GAAGATCTAT GAGAAGGGGAGCTTCTTTCTG-3 ′ and reverse, 5 ′ -GAAGA TCTTAGCTAATTCAAGGTAGCAGCAAAG-3 ′ , then introduced into pPCV702.kana. The HPT gene coding for hygromycin resistance, cut from the vector pPCV702.hygro with Hin dIII and Sph I, was used to replace the nptII gene in the shuttle vector.
The vectors were introduced into Arabidopsis Col-0, Wassilewskija (Ws) or kor1-1 mutants via A. tumefaciens strain pMP90RK ( Koncz and Schell, 1986 ) using the fl oral dip method ( Clough 1998 ) . Transgenic lines were selected on hygromycin-containing agar plates, and T 2 lines showing 3 : 1 resistant : susceptible segregation (assumed to contain a single T-DNA insert) were used to generate homozygous lines, which were designated by sequential numbers. The lines with other segregation patterns were considered to contain multiple T-DNA inserts and were designated by 'm' and a number. The presence of the respective constructs in genomic DNA ( Edwards et al. 1991 ) of these lines was confi rmed by PCR.
RT-PCR
A 1.0 µg aliquot of total RNA isolated, using an RNeasy Mini kit (Qiagen, Valencia, CA, USA), from 5-week-old plants of each of the OE lines generated as described above was treated with DNase supplied with a DNA-free kit (Ambion, Austin, TX, USA). Total cDNA was synthesized with the blend of oligo(dT) and random hexamer primers using the Bio-Rad iScript ™ cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA). The following PCR primers were then designed using Primer3 (http://frodo.wi.mit.edu/cgibin/primer3/primer3_ www.cgi) and verifi ed as unique by BLAST searches of the JGI P. trichocarpa genome and MIPS A. thaliana databases: Ptt-Cel9A1 , forward 12 (5 ′ -CTTGTCTGGTGACAAAACTAC TGG-3 ′ and reverse 1 (5 ′ -GGTGGAGGAGTTGGAAAC ATT-3 ′ ). In addition, At4g36800 (Ubiquitin) forward (5 ′ -CTGTT CACGGAACCCAATTC-3 ′ ) and reverse (5 ′ -GGAAAAAGGT CTGACCGACA-3 ′ ) primers were used as controls. PCR amplifi cations were performed with a Bio-Rad MyiQ ™ iCycler real-time PCR Detection System; the product was detected with iQ ™ SYBR ® Green (Bio-Rad), and the presence of the single expected product was confi rmed by dissociation analysis. MyiQ ™ software 1.0 (Bio-Rad) was used to calculate the C T value. The effi ciency ( E ) of each amplifi cation was calculated using the LinReg program ( Ramakers et al. 2003 ) and the expression ( R ) of the target gene ( PttCel9A1 ), relative to its expression in the line m14, was calculated according to Pfaffl et al. (2001 ) . All assays were carried out in triplicate in one LightCycler run, and three experiments were performed with independent RNA extractions.
In situ cellulase activity
Glc-Res and Glc 2 -Res were synthesized by phase transfer glycosylation of resorufi n with corresponding per-O -acetylated glycosyl bromide, obtained by bromination of the commercially available acetates of glucose and cellobiose (Sigma, St Louis, MO, USA), followed by Zemplen de-O -acetylation of the resulting coupling products. Full experimental details will be published elsewhere (F. M. Ibatullin, A. Banasiak, J. Takahashi, E. J. Mellerowicz and H. Brumer, in preparation) . The in vitro activity of recombinant ∆ 1-105 Ptt Cel9A1 ( Master et al. 2004 ) toward resorufi nyl glycosides in 5 mM NaOAc, pH 5.5 (100 µl total assay volume) was followed using a Cary 300 Bio UV/visible spectrophotometer with a Peltiercontrolled cell block at 30 ± 0.1 ° C (Varian, Palo Alto, CA, USA). Quartz cells with a 1 cm path length and a molar extinction coeffi cient, ε , at 571 nm of 30,000 M − 1 cm − 1 ( Brüwiler et al. 1998 ) were used.
Infl orescence stem bases and hypocotyls of 6-week-old plants of WT and OE lines 45 and 55 were sectioned (100 µm) using a vibratome (VT 1000S, Leica, Germany) and placed in 0.1 M MES buffer (pH 6.0). Negative control sections were boiled for 30 min. Tissue sections were transferred to 9.3 × 10 − 5 M Glc 2 -Res or Glc-Res in MES buffer and their fl uorescence was detected by time-lapse confocal laser scanning microscopy (LSM-510, Carl Zeiss, Germany), using an excitation wavelength of 567 nm and detection wavelengths of ≥ 580 nm. The same scanning parameters were used for experimental and control sections.
Anatomical studies
Segments of mature hypocotyls (3-5 mm) long of WT Col, the OE lines 05, 45, 55, 70 and m14, and irx2-2 , as well as WT Ws and kor1-1 plants were fi xed in 4 % paraformaldehyde and 0.05 % glutaraldehyde (Analytical standards AB, Sweden) in 25 mM phosphate buffer, pH 7.2, for 24 h, dehydrated in a graded ethanol (30, 50, 70, 80, 90, 95 and 100 % ) series and embedded in LR White resin (TAAB, Reading, UK). Transverse sections, 2 µm thick, were cut with a rotary microtome (Microm HM 350, Carl Zeiss, Germany), transferred to slides, stained in 0.02 % toluidine blue O (Sigma-Aldrich) and mounted in Entellan (Merck KGaA, Darmstadt, Germany). Wood macerates were prepared as described in Gray-Mitsumune et al. (2008 ) . Samples of all of these types were viewed under an Axioplan 2 microscope equipped with an AxioVision camera (Carl Zeiss, Germany).
Cellulose analysis
For the complementation analyses, samples of stem bases of single 6-week-old plants of fi ve independent, single insert lines of each construct, from the T 2 generation, were used as indicated in the fi gure legends. For studying the effects of KOR1/ Ptt Cel9A1 defi ciency or excess, samples of stem bases (bottom 5 cm) and hypocotyls from 6-week-old plants (10 plants per sample and three samples per line) were ground to a fi ne powder by a ball mill. Soluble carbohydrates were then extracted from 20 mg portions of the ground stem base samples and 15 mg of the ground hypocotyls several times with ethanol, after which the residues were treated with α -amylase (Sigma-Aldrich) at 30 ° C overnight, as described by Zablackis et al. (1995 ) , to remove starch. The remaining cell wall material was extracted with acetone and weighed.
Crystalline cellulose was measured according to Updegraff (1969 ) after hydrolysis of non-cellulosic polysaccharides with acetic and nitric acids, by hydrolyzing the remaining pellet in 67 % sulfuric acid, then determining glucose by the anthrone method ( Scott and Melvin 1953 ) .
Cell wall monosaccharide analysis
For the transgenic line analysis, alcohol-insoluble residues (AIRs) were prepared from the infl orescence stem base samples and destarched using thermostable α -amylase (Megazyme, Wicklow, Ireland) followed by amyloglucosidase (Megazyme), as described by Fry (1988 ) and Harholt et al. (2006 ) . The samples were then hydrolyzed in 2 M TFA for 1 h at 120 ° C, after which TFA was removed by drying under vacuum overnight. The remaining pellet (crystalline cellulose) was solubilized in 72 % sulfuric acid for 1 h at room temperature. Water was added to a fi nal sulfuric acid concentration of 6.4 % , after which the samples were hydrolyzed for 1 h at 120 ° C. They were then neutralized and sulfate was removed using BaOH and barium carbonate as described by Fry (1988 ) . Finally, their monosaccharide composition was determined by HPAEC-PAD using a PA20 column (Dionex, Sunnyvale, CA, USA), as previously described ( Øbro et al. 2004 ). Monosaccharide standards were obtained from Sigma-Aldrich and included L -fucose (Fuc), L -rhamnose (Rha), L -arabinose (Ara), D -galactose (Gal), D -fl ucose (Glc), D -Xyl, D -galacturonic acid (GalUA) and D -glucuronic acid (GlcUA).
For the complementation analysis, cell wall material was prepared from infl orescence stems and treated twice with α -amylase ( Zablackis et al. 1995 ) . The de-starched cell wall material was hydrolyzed with 2 M TFA for 1 h at 121 ° C together with myo-inositol as an internal standard. The released sugars were converted into corresponding alditol acetates according to Englyst and Cummings (1984 ) , which were analyzed by gas-liquid chromatography using an Agilent Technologies 7890A GC system equipped with a J&W (Agilent Technologies, Wilmington, DE, USA) DB-225MS capillary column (15 m × 0.25 mm, 0.25 µm fi lm thickness) and a temperature program consisting of 80 ° C for 2 min followed by linear gradients of 80-170 ° C at 30 ° C min-then 170-40 at 4 ° C min − 1 . Eluting analytes were detected and quantifi ed using a fl ame ionization detector.
Cellulose analysis by NMR
The structure of the cellulose in the infl orescence stem bases (5 cm) of the OE lines, WT plants and irx2-2 mutants was analyzed by CPMAS 13 C-NMR spectrometry using a Bruker DRX 500 spectrometer (Bruker, Biospin, Rheinstetten, Germany) operating at a 13 C frequency of 125 MHz and three biological replicates of pooled samples from ten 6-week-old plants of each line. The stems were ground, freeze-dried, mixed with water (3 g per 7 g of tissue), placed in a 4 mm zirconia rotor and spun at 7 kHz. The contact time was 1 ms, acquisition time 80 ms and relaxation delay 2 s. A total of 8,000 transients were averaged for each sample. Pure cellulose subspectra were calculated for a selected subset of samples (see Fig. 9e ), according to the PSRE method ( Newman and Hemmingson 1990 ) . For each of these samples, an additional spectrum with a spin lock time of 6 ms was acquired. The crystallinity index was calculated according to:
(I_89/(I_89 + I_84)) × 100 where I_89 is the peak intensity of the cellulose C4 carbon in highly crystalline cellulose and I_84 is the corresponding signal in less ordered cellulose.
Statistical analysis
Unless otherwise stated, data were analyzed by analysis of variance followed by the Duncan multiple range test, or the Tukey-Kramer test, deeming differences to be signifi cant if P ≤ 0.05, using the SAS program, version 6.12 or JMP (SAS Inc., Cary, NC, USA). Multivariate statistics were obtained by SIMCA-P version 11.5 (UMETRICS, Umea, Sweden).
